The influence of local magnetic moment formation around three kinds of vacancies on the electron conduction through metallic single-wall carbon nanotubes is studied by use of the Landauer formalism within the coherent regime. The method is based on the single-band tight-binding Hamiltonian, a surface Green's function calculation, and the mean-field Hubbard model. The numerical results show that the electronic transport is spin-polarized due to the localized magnetic moments and it is strongly dependent on the geometry of the vacancies. For all kinds of vacancies, by including the effects of local magnetic moments, the electron scattering increases with respect to the nonmagnetic vacancies case and hence, the current-voltage characteristic of the system changes. In addition, a high value for the electron-spin polarization can be obtained by applying a suitable gate voltage.
INTRODUCTION
The electrical transport properties of single-wall carbon nanotubes (CNTs) and other carbon-based materials have attracted much attention due to their unusual properties and great potential for technological applications [1] [2] [3] [4] . Among these features, the ballistic electron conduction and the long range spin coherent transport for perfect and defective singlewall CNTs have been investigated theoretically and experimentally [5] [6] [7] . These important properties of spin polarized electrons in single-wall CNTs has motivated their use in the emerging field of spin electronics [8] which aims to effectively control and manipulate the spin degrees of freedom in the electronic devices [9] .
In order to achieve spintronic devices based on single-wall CNTs, it is important to understand the magnetic effect of vacancies and impurities on the electron conduction [8, 10, 11] . because, the electronic properties of carbon-based materials strongly depend on their topological structure [12] . Therefore the electronic structure of the CNTs can differ due to the topological defects or the addition of different compounds. On the other hand, in the transport processes, the ballistic conductance depends on the number of conducting channels at the Fermi energy [13] . Consequently, the appearance of the vacancy defects in a structure can change the electronic and transport properties of the system [5] . Also, the conductance of an imperfect system is lowered due to the reflection of electron waves from the defects [14] . In addition, the localized states near the vacancy are magnetic and change the net magnetic moments in the carbon-based nanostructures. The honeycomb lattice of graphene sheet is formed by two sublattices A and B (bipartite lattice). For a bipartite lattice with different numbers N A and N B of sites and the Hubbard repulsive parameter, the total spin, S, of the ground state of the system, which is mainly localized near the vacancy, is 2S = N A −N B [15] . This important feature can block and change the spin transport especially near the Fermi energy.
In this regard, the electronic and magnetic properties of vacancies in single-wall CNTs [16] and graphene nanoribbons [17] have been investigated. In addition, the electronspin polarization has been observed in the CNTs when doped with magnetic adatoms or molecules [18] . Moreover, the localized states of the impurity can change the spin-polarized conduction in the presence of a gate voltage or applied bias [8, 19] . Recently, the effect of vacancy on the conductance of single-wall CNTs [20, 21] and the spin-dependent transport properties in ferromagnetically contacted single-wall CNTs have been investigated [19, 22, 23] , but the magnetic behavior of vacancy defect as regards the transmission of single-wall CNTs has not been considered.
The purpose of this work is to study the effect of magnetic vacancies on the spin-polarized transport through armchair CNT junctions and manipulate this polarization by means of gate voltages. We simulate ideal vacancies which are made by removing carbon atoms from lattice sites without including the deformation of the tube wall around the vacancies. We consider three typical vacancy types. For the first type, a single carbon site (A or B) is removed. For the second one, two same sites (two A or B sites), and in the last type, four A sites in one carbon ring are removed, as shown in Figs. 1(a) and 1(b), respectively.
Using the single-band tight-binding approximation and the mean-field Hubbard model [24] , the electronic structure and the localized magnetic moments around the above-mentioned vacancies are calculated. Also, using the non-equilibrium Green's function technique and the Landauer-Büttiker theory [25] , the spin-polarized transport in defective single-wall CNTs is investigated. 
MODEL AND FORMALISM
We consider a system that consists of a defective CNT with finite length, sandwiched between two perfect semi-infinite CNTs as electrodes. All CNTs have same structure, (n,n). To calculate the electron transmission properties of this defective CNT which acts as a channel, the electronic structure of this system should be resolved in detail. Hence, we decompose the total Hamiltonian of the system as [26]
whereĤ L andĤ R are the Hamiltonians of the left (L) and right (R) electrodes,Ĥ C describes the channel Hamiltonian and contains the magnetic properties of the vacancies, and H T is the coupling between the electrodes and the central part (defective CNT). The total Hamiltonian is described within the single-band tight-binding approximation. Therefore, the Hamiltonian of the electrodes can be written as [27] 
whereĉ † iα,σ (ĉ iα,σ ) creates (destroys) an electron at site i in electrode α(= R, L) and the hopping elements t iα,jα are equal to t for nearest neighbors and zero otherwise. Here, ǫ α is the on-site energy of the electrodes and will be set to zero. The coupling Hamiltonian is described aŝ
The parameters t iα,jC for hopping between the electrodes and the channel are taken to be t. In order to obtain the magnetic moment of each atom around a vacancy, we use the Hubbard model within the unrestricted Hartree-Fock approximation [24] . Accordingly, the Hamiltonian of the central part within the mean-field approximation of the Hubbard model can be written as [24, 28] 
where ǫ i is the on-site energy and will be set to the gate potential in the channel region, the second term corresponds to the single π-orbital tight-binding Hamiltonian, while the third term accounts for the on-site Coulomb interaction U . In this expression,d † iσ (d iσ ) creates (annihilates) an electron, and n iσ is the expectation value of the number operator for an electron with spin σ at the ith site.
The Green's function of the system can be written aŝ
Cα is the self-energy matrix which contains the influence of the electronic structure of the semi-infinite electrodes through the lead's surface Green's function g α [29, 30] . Correspondingly,Ĥ Cα defines the matrix of coupling between the surface atomic orbitals of the lead α and the channel. We should note that,Ĝ C is a spindependent matrix of size 2N , with N being the number of atoms of the central region. Therefore, due to our mean-field decoupling scheme, we can decouple the electronic transport into spin-up and spin-down currents.
Using the iterative method for the calculation of the transfer matrices based on the principal layers concept, the surface Green's function of the left and right leads can be obtained as [29] :ĝ
whereĤ α 00 andĤ α 01 are matrices and correspond to an isolated principal layer and the interaction between two nearest principle layers in lead α, respectively. Also,T L andT R are the transfer matrices and for the details of the calculations the reader can refer to Ref [29] . From the expression of the nonequilibrium Green's function, the spin-dependent local density of states (LDOS) and the expectation value for the number operator of electrons in the channel are given by
Accordingly, the magnetic moment, m i , at site i of the channel can be calculated using
In this study, we solve the mean field Hamiltonian selfconsistently by an iterative method [24] . In the first step, we start from an anti-ferromagnetic configuration as an initial condition and establish the Hamiltonian for the Hubbard model [Eq. (4)]. In the second step, the effect of electrodes on the channel is added viaΣ L andΣ R , and then the Green's function of the channel,Ĝ C , in the presence of the electrodes is calculated. In the third step, the expectation values of the number operators n iσ at each site and for both spin alignments are calculated by using the Green's function. Finally the new expectation values of the number operators are replaced in Eq. (4), and this process is repeated until the difference between two successive iterations becomes less than 10 −4 . The total Hamiltonian does not contain inelastic scattering, because there is no spin-flip or the other sources of scattering in the system. In other words, the transmission probabilities of majority and minority subbands are independent and the electronic transport can be decoupled into two spin currents: one for spin-up and the other for spin-down. Therefore, the spindependent currents for a constant bias voltage are calculated by using the Landauer-Büttiker formalism [10, 26] :
where f is the Fermi-Dirac distribution function, µ L,R = E F ± 
RESULTS AND DISCUSSION
We study the LDOS, the transmission and the currentvoltage characteristic of the single-wall CNTs in the presence of vacancies when the CNT in all regions is of (4,4) type. We expect the magnetic behavior of the vacancy to affect the electron conduction through the structure, since different scatterings occur for the electronic waves with different spin densities. Therefore, the transmission for majority electrons can be different from that of the minority electrons at certain energies.
In the cases of the first, second and third vacancy types, the total magnetic moments for the finite CNT (channel) as shown in Fig. 1, are 1, 2 and 4µ B respectively, which are in good agreement with the Lieb's theorem [15] . However, when the two semi-infinite CNTs (electrodes) are attached to the channel, their electronic properties are changed. This causes appreciable variation in the value of magnetic moment of each atomic site near the vacancies and affects the spin-dependent transport through the channel. When the atoms from the same sublattice are removed, the final spin configuration, after selfconsistent calculations for the atomic sites near the vacancies, is ferromagnetic. These magnetic moments only obtain for the atomic sites near the vacancies and for the other sites approximately vanish. Our numerical results showed that in the presence of a single vacancy, the magnetic moment vanishes approximately and an unpolarized ground state is obtained for the value of U =1.06 t, due to the effect of semi-infinite electrodes on the channel [31] .
In order to clarify this effect, we have plotted in Fig. 2 the LDOS in the presence of two vacancies. In a defective CNT, the electronic states on the carbon atoms near the vacancy strongly depend on the presence or absence of CNT electrodes. In a finite-length CNT, the electronic states on carbon atoms are almost localized due to the absence of periodicity along the axis of CNT. Therefore, sharp features are observed in the spin-dependent LDOS for the states around the Fermi energy. When the electrodes are attached to the defective CNT, the localization of electronic states is suppressed and the sharp peaks are broadened for both majority and minority electrons. Accordingly, the difference between the two densities of states and hence the spin polarizations are reduced. Note that in both cases the condition n i↑ + n i↓ = 1 at each site is satisfied.
It should be pointed out that the Hubbard repulsive parameter shifts the Fermi energy from zero to E F = 0.3 t as shown with a vertical line in Fig. 2 . In fact, when the two vacancies in the channel are included in the calculations, we obtain S=0.55 for the total spin value in the presence of CNT electrodes and the maximum value of the magnetic moment reaches 0.16 µ B . This magnetic moment can affect the spin transport in the channel.
To see the effects of vacancy-induced magnetism on the electron conduction, we have shown in Fig. 3 the transmission coefficients as a function of energy for majority and minority electrons at V G =1.0 t. The transmission spectrum of two spin subbands is non-degenerate for all electronic states within the energy window and there is a significant difference between the two spin subbands. Since in the process of electronic transport, the electrons with Fermi energy carry most of the current, we have shown the transmission coefficients around the Fermi level. It is clear that the Fermi energy shifts from 0.3 t to 1.3 t due to the gate voltage.
We note that a gate voltage shifts the electronic states and hence, the transmission for two spin subbands in the central region can vary significantly. Therefore, a gate potential is able to change the spin transport through such a defective CNT. In order to see the effect of the gate voltage on the spin transport, we have calculated the degree of spin polarization (P ) for electrons traversing the channel which can be defined as P (E) = Fig. 4 shows this physical quantity in terms of the gate voltage in the case of two vacancies. It is clear that the spin polarization can reach values as high as 65%. Also, we found that the change in the position of the two vacancies with respect to each other causes appreciable variations in the value of the localized magnetic moment and hence, in the degree of spin-polarization. Generally, on increasing the distance between two vacancies the total value of the channel magnetic moment decreases. the Fermi level has been shown (E F = 1.3 t). As we know, in the present structure where the electrodes are made of CNTs, there are more paths for the electrons to pass from the electrodes to the defective CNT. Therefore, in some energy ranges of this figure, the spin-dependent transmission coefficients can be larger than unity. The total value of the spin is 1.40 and the maximum value of the magnetic moment reaches 0.30 µ B . Also the maximum value of the spin polarization at V G = 1.0 t, reaches 80% which indicates that the local magnetism induced by vacancies can be useful in spintronic devices. This spin polarization of the electrical conductivity can play an important role in the current-voltage characteristics in the channel.
For this reason and to further understand the effect of vacancy-induced magnetism, we have plotted in Fig. 6 the spin currents in terms of the applied voltage. Since the electron conduction depends on the electronic states lying between µ L and µ R , on increasing the applied voltage, these states move inside the energy window and the electronic currents for both majority and minority spin electrons increase. From the current-voltage characteristic, we see that the applied voltage can change the difference between both spin-up and spin-down currents significantly and therefore, we should adjust the value of the gate and applied voltages to obtain maximum values for the degree of polarization of the spin currents.
In this study, we only focused on the A-site defects because according to Lieb's theorem, when the same sublattice atoms are removed the total magnetic moment increases and therefore the polarization in the spin currents becomes remarkable. Also, our numerical results showed that if we remove two different sites from one carbon ring, the local magnetic moments near the vacancies are nonzero, while the total magnetic moment is zero and hence, the transmission coefficients of two spin channels are degenerate and practically unpolarized. In other cases, i.e., when different numbers of A and B sites are removed, the total magnetic moment is small and a little spin polarization can be observed (not shown here).
CONCLUSION
In this work, the coherent spin-polarized transport through a CNT/defective-CNT/CNT junction was investigated on the basis of the non-equilibrium Green's function technique, and the mean-field Hubbard model. We have shown that there are major differences in the behavior of the electronic transport when different kinds of vacancies are considered. The numerical results indicate that, the point defects of which different types were considered-and hence with different magnetic responses-could effectively alter the electron conduction through the junction.
In the defective CNTs, the difference between the transmission coefficients of two spin subbands at some energy values is small. Consequently, in such a case, the degree of spin polarization can be manipulated by applying a gate voltage to the channel. In addition, our results suggest that by choosing the position of the vacancy in the channel properly to enhance the local magnetization, one can increase the values of the spinpolarized currents. These defects may be useful in the process of spin injection into semiconducting devices for spintronic applications.
Throughout the study, we have ignored the effect of spinflip scattering, especially near the vacancies. This factor may affect the spin-dependent transport, and hence, a further improved approach is needed to obtain more accurate results. 
